The enzymes deoxycytidylate deaminase (EC 3.5.4.12) and thymidylate synthase (EC 2.1.1.45) are functionally associated with one another, since they catalyze sequential reactions. In T4 coliphage infection the two enzymes are found in dNTP synthetase, a multienzyme complex for deoxyribonucleotide biosynthesis. Protein-protein interactions involving the phage-coded forms of these two enzymes have been explored in three experiments that use the respective purified protein as an affinity ligand. First, an extract of radiolabeled T4 proteins was passed through a column of immobilized enzyme (either dTMP synthase or dCMP deaminase), and the specifically bound proteins were identified. Second, two mutant form of dCMP deaminase (H90N and H94N) , altered in presumed zinc-binding sites, were analyzed similarly, with the results suggesting that some, but not all, interactions require normal structure near the catalytic site. Third, affinity chromatography using either enzyme as the immobilized ligand, revealed interactions between the two purified enzymes in the absence of other proteins. In these experiments we noted a significant effect of dCTP, an allosteric modifier of dCMP deaminase, upon the interactions.
Because of their specialized roles as DNA precursors, deoxyribonucleoside triphosphates (dNTPs) are synthesized by routes that are closely coordinated with DNA replication. In bacteriophage T4, which may serve as a prototype for cellular organisms, this coordination evidently involves physical interactions among the enzymes involved (reviewed in Mathews (1993) ). The enzymes of dNTP synthesis, most of which are encoded by the viral genome, interact to form a multienzyme complex, which we have termed the dNTP synthetase complex. Evidence suggests that this complex is somehow associated with the T4 DNA replication apparatus, serving thereby as a substrate shuttle, and helping to sustain very high rates of replicative DNA chain growth (cf. Ji and Mathews, 1991; Wheeler et al., 1992) . One line of evidence involves protein affinity chromatography. When an enzyme in the complex, dCMP hydroxymethylase, was immobilized and used as an affinity ligand, a column of that material retained about a dozen T4 proteins, including other enzymes in the dNTP synthetase complex and also proteins involved in macromolecular DNA metabolism (Wheeler et al., 1992) . dCMP hydroxymethylase plays a specialized role, since it participates in synthesis of the T-even phage-specific DNA base 5-hydroxymethylcytosine. However, two other enzymes in the complex, dCMP deaminase and dTMP synthase, play much more widespread, virtually universal, roles in dNTP biosynthesis. These enzymes catalyze sequential reactions; the dUMP that is produced by enzymatic deamination of dCMP serves as the substrate for thymine nucleotide synthesis via the dTMP synthase reaction. In T4, dTMP synthase is a homodimer of 33.1-kDa subunits (Chu et al., 1984) , while dCMP deaminase contains six identical 21.2-kDa polypeptide chains .
T4 phage-coded dCMP deaminase, produced by overexpression of the cloned phage cd gene, contains two atoms of bound zinc per polypeptide subunit in the hexameric protein (Moore et al., 1993a) . At least one of the bound zinc atoms is essential for catalytic activity, but the role of the second zinc is not yet clear. One possible role could involve binding the allosteric effectors dTTP and 5-hydroxymethyl-dCTP (Fleming and Bessman, 1967; Maley et al., 1967; Maley and Maley, 1982) . However, photoaffinity labeling studies show that dTTP is bound to Phe-112. Although we do not know the three-dimensional structure of T4 dCMP deaminase, Phe-112 is some distance in primary structure away from the presumed zinc binding site, which extends from His-71 to His-94 .
In this paper we explore the hypothesis that one or both of the zinc binding sites are involved in the protein-protein interactions that stabilize the T4 dNTP synthetase complex. In a combined effort to examine these potential interactions, two mutant forms of dCMP deaminase (H90N and H94N) have been studied. In each mutant, a histidine thought to be involved in zinc binding and/or catalysis was converted to asparagine. The H90N mutant has full activity, while the H94N mutant is inactive. The wild-type enzyme and both mutants contain two atoms of bound zinc per polypeptide subunit, but after extensive dialysis one of the bound zinc atoms is lost from the H94N mutant protein.
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In this study, we immobilized both mutant dCMP deaminases and the wild-type enzyme on Affi-Gel columns, and the bound proteins were analyzed, as described previously for dCMP hydroxymethylase (Wheeler et al., 1992) . Similarly, we examined interactions involving immobilized wild-type T4 dTMP synthase. These experiments revealed a particularly strong interaction between dCMP deaminase and dTMP synthase. Also, the mutations in dCMP deaminase were found to affect some, but not all, of the associations involving this enzyme.
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EXPERIMENTAL PROCEDURES
Recombinant wild-type T4 dCMP deaminase was purified as described previously (Moore et al., 1993a) . The H90N and H94N mutant cd genes, with His-90 and His-94, respectively, changed to Asn, were generated by procedures described in Moore et al. (1993b) , and the mutant enzymes were purified essentially as described for the wild-type enzyme. Each mutant enzyme contains 2 mol of zinc per polypeptide subunit, with H90N retaining full catalytic activity and H94N being completely inactive. H94N but not H90N loses one zinc atom per subunit upon dialysis or dilution.
1 Recombinant human dCMP deaminase was prepared as described by Weiner et al. (1993) . Recombinant T4 dTMP synthase (product of the td gene) was purified as described by Young and Mathews (1992) , and the corresponding Escherichia coli enzyme was purified as described by Maley and Maley (1988) .
T4 dTMP synthase (7.0 mg) was immobilized on Affi-Gel 10 (Bio-Rad) as described previously for T4 dCMP hydroxymethylase (Wheeler et al., 1992) . Ninety-nine percent of the protein applied was immobilized. T4 dCMP deaminase tended to precipitate when the identical immobilization procedure was carried out. Accordingly, we modified this procedure so that protein was applied in 0.2 M potassium phosphate buffer, pH 7.1, instead of the MOPS 2 buffer used previously, with the rest of the procedure being identical. The amount of T4 deaminase applied, both wild-type and mutant, was 5.5 mg for each enzyme, while 3.0 mg of recombinant human dCMP deaminase was applied. Again, more than 95% of each protein was immobilized.
Extracts of T4 proteins, labeled with [ 35 S]methionine from 3 to 8 min after T4D infection at 37°C, were prepared as described previously (Wheeler et al., 1992) . For analysis of proteins associated with T4 dTMP synthase, the extract was applied to the column in "column buffer," as described previously (Wheeler et al., 1992) ; this buffer includes 0.02 M Tris-HCl, pH 8.0, and 0.025 M NaCl. Bound proteins were eluted in stepwise fashion, by adding NaCl to column buffer to give total concentrations of 0.2, 0.6, and 2.0 M.
For analysis of proteins bound to dCMP deaminase, we took advantage of a report that the predominant ionic constituents of E. coli cells are potassium and glutamate (Richey et al., 1987) , and we designed a new "K-Glu column buffer," containing 0.1 M potassium glutamate, pH 8.0, 10% (v/v) glycerol, 1.0 mM ␤-mercaptoethanol, 0.5 mM magnesium acetate, and 0.2 mM phenylmethylsulfonyl fluoride. Elution of bound proteins involved addition of NaCl to K-Glu column buffer in steps, to give total NaCl concentrations of 0.1, 0.5, and 1.9 M. Thus, if we take into account the 0.1 M potassium glutamate, the ionic strengths of the three eluting buffers are 0.4, 0.8, and 2.2 M, respectively. In preliminary experiments we found that the ensembles of proteins eluted at each step were virtually identical to those seen in analyses using our previous protocol, but that substantially larger amounts of protein were bound in the potassium glutamate buffer.
3 Thus, we have used the K-Glu column protocol for all of our subsequent affinity chromatography experiments. Fig. 1 shows a two-dimensional electrophoretic analysis of the proteins 35 S-labeled from 3 to 8 min after infection, which bound moderately tightly to immobilized T4 dTMP synthase, i.e. that were retained on the column at 0.2 M NaCl and eluted at 0.6 M NaCl. By this criterion dTMP synthase resembles dCMP hydroxymethylase (Wheeler et al., 1992) , in binding specifically to several early labeled proteins, although dTMP synthase binds fewer proteins. The spots not marked in Fig. 1 represent proteins that probably bind nonspecifically, as shown by the fact that they bind under the same conditions to immobilized bovine serum albumin (Formosa et al., 1983; Wheeler et al., 1992) . More recently, we have found that immobilized T4 lysozyme binds the same ensemble of T4 proteins as does bovine serum albumin, 4 and lysozyme probably represents a more appropriate control for nonspecific binding. As another control, we have observed negligible binding of labeled T4 proteins to immobilized E. coli dTMP synthase (data not shown).
RESULTS

Analysis of Immobilized T4 Thymidylate Synthase-
Of the proteins specifically bound to dTMP synthase, the most prominent include the products of genes frd (dihydrofolate reductase), 32 (single strand DNA-binding protein), 61 (primosome component), uvsY (DNA repair and recombination), regA (translational regulation), and ␤gt (DNA ␤-glucosyltransferase). The biological significance of binding to the latter three proteins on the list is unclear, although we note that earlier experiments from our laboratory (Moen et al., 1988) suggested an essential role for the regA gene product in assembly of the dNTP synthetase complex. Note that, although we might have expected to see dCMP deaminase among the bound proteins, we did not see a spot on the electrophoretogram that could be identified as the deaminase. However, since T4 dCMP deaminase contains but one methionine residue per subunit , the absence of a spot representing this protein is not surprising.
Analysis of Immobilized dCMP Deaminase-Using the KGlu column buffer protocol, we analyzed radiolabeled T4 proteins that bound to both wild-type T4 dCMP deaminase and to FIG. 1. Two-dimensional gel electrophoresis of radiolabeled T4 proteins that bind to a T4 dTMP synthase column. The figure depicts analysis of proteins labeled from 3 to 8 min after infection with T4D, which are applied to the column and remain bound at 0.2 M NaCl, but are eluted at 0.6 M NaCl. The numbers to the left identify molecular weights of marker proteins, in kDa.
the H94N mutant. In addition, we compared these results with a putative negative control, immobilized human dCMP deaminase. Fig. 2 shows one-dimensional SDS-PAGE analysis of these experiments. As expected, the human dCMP deaminase bound very little T4 material, with the exception of one prominent low-molecular weight protein. By contrast, the wild-type and mutant deaminases both bound considerable quantities and numbers of proteins. The gel patterns of bound proteins look quite similar, but close inspection of the tightly bound proteins (compare lanes 8 and 12) reveals at least four significant differences, which are marked.
Because the amounts of labeled protein in the high-salt eluate seemed rather low for visualization on two-dimensional gels, we compared the two-dimensional gel patterns displayed by the medium-salt eluates (Fig. 3) . In panel A we have identified proteins that bind to wild-type dCMP deaminase, and panel B shows a comparable pattern representing proteins that bind to the mutant enzyme under identical conditions. The proteins bound to wild-type dCMP deaminase include most prominently dTMP synthase, but also the products of genes frd (dihydrofolate reductase), 56 (dCTPase-dUTPase), 32 (singlestrand DNA-binding protein), 45 (processivity-enhancing protein), uvsY (DNA repair and recombination protein), regA (translational repressor), and ␤gt (DNA ␤-glucosyltransferase). The first three of these proteins have been identified as components of the dNTP synthetase complex, and, as noted earlier for dTMP synthase, the significance of the interactions with the products of genes uvsY, regA, and ␤gt is still obscure.
The pattern of proteins bound to H94N mutant dCMP deaminase (panel B) is remarkably similar to that seen with the wild-type enzyme (except for the cracking of the dried gel over the dTMP synthase spot). However, closer inspection reveals at least four proteins (marked with arrows) that are significantly less prominent in the mutant pattern than in the wild-type pattern. These include the gene 45 and 56 products and two unidentified proteins. In addition, the uvsY spot seems to be less intense in the pattern from the mutant protein. These observations suggest that the one bound zinc atom that is released during dialysis and dilution of the mutant enzyme participates in some, but not all, of the significant proteinprotein interactions involving dCMP deaminase.
Similar analysis was carried out with a second mutant enzyme, H90N, in which a His residue presumably involved in zinc binding was changed to Asn. This mutant enzyme, however, is distinct from H94N in that it has full enzymatic activity. Fig. 4 shows a one-dimensional electrophoretic analysis of labeled T4 proteins that bind to a column of this immobilized mutant enzyme. Surprisingly, this mutant showed much more extensive binding of two proteins, of 32 and 37 kDa, respectively, than did wild-type dCMP deaminase. Two-dimensional gel analysis of these proteins (not shown) confirmed the identity of the strongly bound 32-kDa protein as T4 thymidylate synthase. Again, the results suggest a role for the zinc and its binding sites in modulating protein-protein interactions, but in this case the most prominent interaction, involving dTMP synthase, was enhanced in the mutant protein that retained enzymatic activity.
Interactions between Purified dCMP Deaminase and dTMP Synthase-The close functional relationship between dCMP deaminase and dTMP synthase and the apparently strong interaction between the two phage enzymes revealed in Fig. 3 suggested that we analyze this interaction at the level of the two respective purified enzymes. Of particular interest is whether the two proteins interact directly, or whether dTMP synthase interacts with another protein linked directly to immobilized deaminase. At the same time, we realize that the interactions might be cooperative, leading the purified proteins to interact less strongly in the absence of the other phage proteins.
In early experiments we detected only weak binding of purified dCMP deaminase to a column of immobilized T4 dTMP synthase. However, when dCTP was added to the solution of deaminase as it was applied, or to the eluting buffers, we then observed significant binding. dCTP is an allosteric activator of dCMP deaminase from both T2 (Maley et al., 1972) and T4 , and it maintains the protein in its hexameric state. Fig. 5, top jected to our standard K-Glu buffer elution protocol. Virtually all of the applied enzyme remained bound to the column through the 0.4 M ionic strength elution, and most was eluted at 0.8 M. As shown in Fig. 5 , bottom panel, binding of T4 dCMP deaminase to dTMP synthase was specific for the T4 synthase. In this experiment, we applied wild-type dCMP deaminase to columns of immobilized T4 dTMP synthase or E. coli dTMP synthase, as indicated, and compared the 0.8 M eluates. No detectable dCMP deaminase was bound to E. coli dTMP synthase. Thus, a strong, direct, and specific interaction between purified T4 dTMP synthase and T4 dCMP deaminase occurred, even in the absence of other proteins. Incidentally, the minor band in fraction 2 of the 0.8 M eluate in Fig. 5 (top) and the second and third lanes of the bottom panel, representing a protein of about 40 kDa, is not a contaminant. We eluted the protein from a gel and found, from microsequencing, that it has the same N-terminal sequence as T4 dCMP deaminase (data not shown). Thus, it appears to be a dCMP deaminase dimer, which is not completely resolved to monomers under our conditions of SDS-gel electrophoresis. In other experiments (not shown), we found that T4 dTMP synthase bound both mutant forms of dCMP deaminase, with affinities comparable to what was seen in the two-dimensional gel analysis of radiolabeled proteins.
The effect of dCTP upon the dTMP synthase-dCMP deaminase interaction was explored in the experiment depicted in Fig. 6 . In this experiment we applied wild-type dCMP deaminase to a column of immobilized T4 dTMP synthase, with variations of the dCTP concentration in the application buffer and in the eluting buffers (concentrations of 0, 20, and 200 M were used). dCMP deaminase bound under all conditions tested, but bound most strongly when applied to the column in buffer containing 200 M dCTP, with an ionic strength of 2.2 M being necessary for elution of most of the bound enzyme (compare lanes 8, 9, and 10). Note that 200 M dCTP is close to the average intracellular concentration of this nucleotide (Mathews, 1972) . Note also that the sample applied and eluted in the absence of dCTP (experiment A) was substantially degraded, as shown by the broad bands seen with the 0.4 and 0.8 M eluates. This observation suggests that the effect of dCTP on dCMP deaminase interaction with dTMP synthase may result from stabilization of the deaminase structure.
DISCUSSION
The strong, direct, and specific physical association shown here is of particular interest, for several reasons. First, dCMP deaminase and dTMP synthase catalyze sequential reactions, and the rationale for seeking multienzyme complexes or "metabolons" (cf. Mathews (1993) ) is the hypothesis that such complexes can shuttle intermediates directly from one enzyme to the next, with limited diffusion from enzyme surfaces. In this context, the association between dTMP synthase and T4 dihydrofolate reductase, documented in Fig. 1 , is also of interest, as is the interaction between dCMP deaminase and dCTPasedUTPase documented in Fig. 3 , because all of the reactions catalyzed are closely related, as shown below. A second reason for interest in these results is the fact that T4 dCMP deaminase and dTMP synthase are kinetically linked (Moen et al., 1988) . When a preparation of the dNTP synthetase complex is provided with dCTP as a substrate, dTMP is produced with no detectable lag, indicating kinetic facilitation of the following reaction sequence, dCTP3dCMP3dUMP3dTMP. Structural interactions obviously provide a physical basis for kinetic coupling. Finally, the crystal structure of T4 dTMP synthase (FinerMoore et al., 1994 ) reveals a number of features, inserts, and deletions on one side of the molecule, that are not seen in the structure of the closely related E. coli dTMP synthase (Montfort et al., 1990) , and it has been proposed that these distinctive features are involved in the protein-protein interactions that stabilize the dNTP synthetase complex. Simple experiments of the type depicted in Fig. 6 present a straightforward way to test this hypothesis, using suitable mutant forms of T4 dTMP synthase.
At the outset of this work, we were guided by the model for T4 dCMP deaminase of Moore et al. (1993a) , which predicted that His-90 and His-94 form parts of the same zinc binding site. Thus, we expected mutations at positions 90 or 94 to have identical effects upon zinc binding and catalytic activity. However, H94N is inactive and contains one tightly bound and one loosely bound zinc, while H90N is fully active and contains two tightly bound zinc atoms, like the wild-type enzyme. This finding has led us to consider new models for the enzyme, based upon the crystal structure of the related E. coli cytidine deaminase (Betts et al., 1994) and comparison of amino acid sequences of four cytidine deaminases and four dCMP deami- FIG. 7 . A structural model for T4 dCMP deaminase. This model, based on the crystal structure of E. coli cytidine deaminase, was generated as described in the text. Numbers in parentheses refer to approximate locations in the T4 model.
FIG. 5.
Retention of purified T4 dCMP deaminase on an immobilized dTMP synthase column. Both panels depict 12.5% polyacrylamide gels stained with Coomassie Blue. Top, elution of T4 dCTPtreated dCMP deaminase from a T4 dTMP synthase column. 1.0 mg of dCMP deaminase was applied to each column. Elution was carried out with buffers of ionic strength 0.4, 0.8, and 2.2 M. At each step a 3-ml fraction was collected, followed by a 10-ml fraction, followed finally by a 5-ml fraction; at each step these are identified as fractions 1, 2, and 3, respectively. Bottom, lack of binding of T4 dCMP deaminase to an E. coli dTMP synthase column. In this experiment, we applied wild-type dCMP deaminase to columns of immobilized T4 dTMP synthase or E. coli dTMP synthase and compared the 0.8 M eluates (K-Glu column buffer plus 0.5 M NaCl). The four lanes (left to right) depict M r markers; input dCMP deaminase, before its application to an affinity column; protein eluted from immobilized T4 dTMP synthase; protein eluted from immobilized E. coli dTMP synthase. dCTP was not added in the experiments shown here, but in separate experiments dCTP did not detectably stimulate dCMP binding to E. coli dTMP synthase. nases (Reizer et al., 1994) . The latter study established two consensus sequences, one of which probably represents the active site, while the other represents a novel zinc-binding site. Overall homology between the cytidine and dCMP deaminase families is low, but sufficient to propose similar secondary structure folds along the lengths of these proteins. A PHD sequence alignment and secondary structure prediction (Sander and Schneider, 1991; Sander, 1993, 1994) yields the model for T4 dCMP deaminase shown in Fig. 7 . In this model, His-94 is near a zinc atom associated with the active site in a short region of ␤-sheet preceding ␣-helix-1. In E. coli cytidine deaminase, the active site zinc is coordinated with His-102, Cys-129, and Cys-132. Similarly spaced residues are present in this region of the T4 dCMP deaminase structure .
His-90 is found in an undescribed domain comprising about 50 amino acids (residues 46 -90ϩ), which is peculiar to the phage T2 and T4 dCMP deaminases. Human dCMP deaminase, which contains but one bound zinc per subunit, 1 contains a domain similar to the proposed active site region of the T4 enzyme, but does not contain a sequence comparable to that of the region that includes His-90. Presumably, the one zinc lost upon dialysis of H94N is the atom in the proposed active site. Apparently, neither the H90N nor the H94N mutation affects zinc binding in the site that seems to be unique for the T2 and T4 enzymes. It is of considerable interest that the T4 dTMP synthase structure contains structural elements, such as loops, which are peculiar to the phage enzymes and which have been proposed to be sites of protein-protein interaction in the dNTP synthetase complex (Finer-Moore et al., 1994) . Therefore, further analysis of the role of zinc in interactions involving these two enzymes should focus upon this latter site.
